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Webnesday, February 29, 2012 689amethyl]-2H-1,4-benzothiazin-3(4H)-one), which belongs to a new chemical
class of small molecule KCa3.1 blockers. In whole-cell patch-clamp experi-
ments NS6180 inhibited KCa3.1 with an IC50 of 11 nM via interaction with
the amino acids T250 and V275, the same residues conferring sensitivity to tri-
arylmethanes, like TRAM-34 and clotrimazole. NS6180 blocked the classic
Ga´rdos channel, the endogenous KCa3.1 channel in erythrocytes, with nearly
identical potencies (15-20 nM) in human, mouse and rat erythrocytes as mea-
sured by CCCP-reported hyperpolarizations initiated by the calcium ionophore
A23187. NS6180 exhibited excellent selectivity over other ion channels and
suppressed rat and mouse splenocyte proliferation at submicrolar concentra-
tions, whereas no effect was observed with splenocytes from KCa3.1-/- mice.
Additionally, NS6180 potently inhibited IL-2 and INF-g production, but ex-
erted smaller effects on IL-4 and TNF-a and no effect on IL-17 production.
When administered orally to rats at 3 and 10 mg/kg twice daily, NS6180 in-
hibited the development of DNBS-induced colitis and macroscopic disease in-
dices (i.e. colon and body weight development) as effectively as the benchmark
therapeutic sulfasalazine at 300 mg/kg. Based on these results we suggest
benzothiazinone-type KCa3.1 blockers as novel anti-inflammatory tool com-
pounds and potential drugs.
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We reported previously that the activity of the large-conductance calcium-
activated potassium channels (BKCa channel) could be strongly potentiated
by certain derivatives of benzofuroindole scaffold when treated from extracel-
lular side of the membrane (Gormemis et al., 2005; Ha et al., 2006). Here, we
characterized the mechanism of action of one of the most potent activators, 4-
chloro-7-(trifluoromethyl)-10H-benzofuro[3,2-b]indole-1-carboxylic acid (or
CTBIC). This compound potentiates the activity of the channel by shifting
its conductance-voltage relationship toward the more negative direction. In-
triguingly, the affinity of charybdotoxin, a peptide pore-blocker, was reduced
by the co-treatment with CTBIC, whereas that of tetraethylammonium, a small
pore-blocking quaternary ammonium, was not altered. Guided by these results,
we performed mutagenesis studies on the outer vestibule of the BKCa channel
including pore-helix and some part of inner-helix to localize the residues that
affect the binding of CTBIC. We identified ten different residues in the loop
between outer-helix and pore-helix, the loop between selectivity filter and inner
helix, and inner-helix which was strongly affected by alanine substitution. By
using homology modeling of BKCa channel and in silico docking of CTBIC, we
revealed that the binding sites of CTBIC reside in the interface between sub-
units or domains. Our results suggest that the external interface between sub-
units of the BKCa channel may play a critical role in the modulation of the
channel activity and may thus represent a therapeutic target site of BKCa
channels.
*This work was supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MEST) (No. 20110028665)
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During fast inactivation of voltage-gated Kþ channels (Kv) block of the con-
duction pathway occurs by the single-step insertion of mobile hydrophobic pep-
tide segments into the channel inner cavity. In large-conductance, Ca2þ and
voltage-dependent, Kþ channels (BK) fast inactivation is mediated by cytosolic
N-termini of accessory subunits, b2 or b3. Unlike Kv’s, BK fast inactivation
occurs in a 2-step mechanism: a binding step is postulated to precede the occur-
rence of the inactivated state. We hypothesized that, if the first step reflects
binding, it may show stereospecificity. We therefore prepared two b3a(1-21)
peptides corresponding, on one hand, to the naturally occurring peptide com-
posed entirely of L-amino acids (L-b3a(1-21)), and then a peptide containing
entirely the mirror-image D-amino acids (D-b3a(1-21)). By NMR, both pep-
tides exhibit the hallmarks of intrinsically disordered proteins. The L-b3a(1-
21) peptide fully mimics the 2-step inactivation produced by intact b3asubunits. In contrast, D-b3a(1-21) produces a 10-fold weaker block of BK cur-
rent, with features characteristic of simple block. At the single channel level,
we show that, whereas recovery from inactivation mediated by the b3a L-pep-
tide passes through the 2-step sequence, recovery from block by the b3a D-pep-
tide involves the classic single-step block behavior characteristic of the Shaker
Kþ channel. We also compared L- and D- forms of Shaker ‘‘ball domain’’ pep-
tides. In both cases, recovery from inactivation occurs identically through a sin-
gle-step mechanism. From these results two points emerge: first, binding of
intrinsically disordered domains can occur either via stereospecific interactions
(BK) or non-specifically (Shaker); second, the requirement for stereospecific
binding in BK channels may relate to the large dimension of the BK inner
pore such that stereospecific binding facilitates an unstructured domain to reach
the blocking position.
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Stimulation of cyclic nucleotide signaling pathways leads to activation of the
large conductance voltage- and Ca2þ-activated Kþ (BK) channels, thereby in-
hibiting urinary bladder smooth muscle (UBSM) contractility. We tested the
hypothesis that nonselective inhibition of phosphodiesterases (PDEs) with 3-
isobutyl-1-methylxanthine (IBMX) can reduce guinea pig UBSM phasic con-
tractions by stimulating the BK channel activity.
In UBSM isolated strips, IBMX (10 mM) significantly reduced the spontaneous
phasic contraction amplitude, muscle force integral, duration, frequency, and
tone by 74%, 95%, 50%, 55%, and 32%, respectively (n=8; P<0.05). IBMX
also significantly inhibited carbachol- and electrical field stimulation-induced
contractions (0.1-100 mM). The inhibitory effect of IBMX on UBSM contrac-
tility was attenuated by the BK channel selective inhibitor, paxilline (300 nM).
Using the perforated whole-cell patch-clamp technique on freshly isolated
UBSM cells, we established that IBMX (10 mM) increased the transient BK
currents (TBKCs) frequency by 97% at40 mV (n=6, P<0.05). In the presence
of 30 mM ryanodine, 100 nM thapsigargin, and 1 mM nifedipine, the steady-
state whole-cell current evoked by stepping from 70 mV to þ60 mV was
13.251.8 pA/pF in the absence of IBMX and 18.552.4 pA/pF in the presence
of 10 mM IBMX (n=7; P<0.05). In current-clamp, 10 mM IBMX hyperpolar-
ized the resting membrane potential by ~8 mV and the subsequent addition
of 300 nM paxilline reversed the IBMX-induced membrane hyperpolarization
(n=7; P<0.05). Pretreatment of UBSM cells with paxilline (300 nM) abolished
the effects of IBMX on BK channel currents and cell membrane potential (n=7;
P>0.05).
In conclusion, nonselective inhibition of PDEs with IBMX effectively reduces
guinea pig UBSM excitability and contractility through direct BK channel ac-
tivation, increase in TBKCs frequency, and cell membrane hyperpolarization.
Supported by NIH DK084284 & DK083687 to Georgi V. Petkov
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Alternative splicing generates considerable functional diversity of large con-
ductance calcium- and voltage-activated potassium (BK) channels. For exam-
ple, inclusion of the STREX (STRess-activated EXon) insert into the
unstructured cytosolic linker between the two RCK domains of the channel
generates a cysteine rich domain (CRD) that confers intrinsic hypoxia sensitiv-
ity to the channel [1].
We have utilized YFP-mCFP fluorescent fusion proteins of the CRD and ex-
ploited these to examine conformational rearrangements in the CRD in re-
sponse to hypoxia and redox agents using fluorescence lifetime imaging
microscopy (FLIM). The fusion protein, expressed in HEK293 cells, is targeted
to the plasma membrane and responds to acute hypoxia (10 minute exposure at
<5% oxygen) with a significant shift in fluorescence lifetime distribution. Pre-
treatment with the oxidizing agent DTNB (1mM) appeared to cause a shorten-
ing in the lifetime distribution that did not block the hypoxia induced shift in
fluorescence lifetimes (n=4 for each). Treatment with reducing agents NEM
(1mM) or sodium sulfide (1mM) did not lead to significant changes in fluores-
cent lifetime nor did they block the hypoxia response (n=3-5 for each). The
690a Webnesday, February 29, 2012effects of redox manipulation on hypoxia sensitivity were recapitulated in patch
clamp assays of channel activity. Together this data supports the hypothesis
that the STREX channel hypoxia response can not be mimicked by redox
agents and that FLIM, in conjunction with patch clamp electrophysiology, al-
lows the monitoring of conformational rearrangements and investigation of the
structure-function relationship of the linker region between the channel RCK
domains.
[1] McCartney, C.E., McClaffert, H., Huibant, J.M., Rowan, E.G., Shipston,
M.J, and Rowe. I.C. (2005) A cysteine-rich motif confers hypoxia sensitivity
to mammalian large conductance voltage- and Ca-activated K (BK) channel
alpha-subunits. Proc Natl Acad Sci USA 102:17870-17876
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MthK is a prokaryotic Ca2þ-gated Kþ channel that has yielded structural in-
sight toward mechanisms of RCK domain controlled channel gating. In
MthK, a ‘‘gating ring’’ of eight RCK domains regulates channel activation
that is steeply dependent on [Ca2þ], with a Hill coefficient >8. Using electro-
physiology and X-ray crystallography, we show that each RCK domain contrib-
utes to three different regulatory Ca2þ binding sites, two of which are located at
the interfaces between adjacent RCK domains. Charge-neutralizing mutations
of individual Ca2þ-coordinating sidechains at each of the three sites decrease
Ca2þ-sensitivity of the channel, shifting the EC50 for Ca
2þ-activation by up
to 8.4-fold. Combined mutations at pairs of sites decreased the Ca2þ-sensitivity
of mutant channels in an approximately energetically additive manner, suggest-
ing that Ca2þ binding at each site may act independent of one another to facil-
iate channel opening. Finally, a combined mutation at all three sites effectively
eliminates Ca2þ-dependent activation of the channel through very high [Ca2þ].
The additional Ca2þ binding sites, resulting in a stoichiometry of 24 Ca2þ ions
per channel, is consistent with the steep relation between [Ca2þ] and MthK
channel activity, and crystal structures of the MthK RCK domain in the pres-
ence of Ca2þ suggest points at which subunits may physically interact to facil-
itate channel opening.
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Quaternary ammonium compounds such as tetrabutylammonium (TBA) have
been widely used to investigate the physical size and gating mechanisms at
the intracellular entrance of cation-selective ion channel pores. Identification
of a high-affinity blocker is often desirable for these studies where blocker on
and off rates need to be comparable to the kinetics of channel gating. A hy-
drophobic derivative of TBA, called bbTBA, has been shown to block BK
Ca2þ- and voltage-gated Kþ channels with high affinity and we have found
a similar affinity to the prokaryotic homologue MthK (KD ~ 1 mM). In this
study, we are using single channel recordings to systematically explore
MthK block by TBA, benzyl-tributylammonium (bTBA), and the high-
affinity bbTBA that contains two hydrophobic rings. Addition of each hydro-
phobic ring to the blocker molecule increases the affinity for MthK by an
order of magnitude. We discuss possible mechanisms for this marked en-
hancement of channel block and implications for the use of these blockers
in gating studies.
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Large conductance, Ca2þ-, and voltage-activated Kþ (BK) channels are
tetramers composed by four pore-forming subunit (a) and four modulatory
b-subunits. BK channels can be activated independently by membrane depo-
larization or an increase in cytosolic Ca2þ. In particular, the presence of theb1-subunit modulates several aspect of channel activity, including the appar-
ent Ca2þ sensitivity and the speed of activation and deactivation. Here,
through the measurements of gating currents, we explored the effect of b-sub-
units on the voltage sensor of the BK channel using macropatches of Xenopus
oocyte membrane in the inside-out configuration. Gating currents were re-
corded in solutions free of permeant ions and integrated during the onset of
depolarizing pulses to generated charge-movement versus voltage (Q(V))
curves. Co-expression of the human BK a subunit with b1, resulted in about
70 mV left shift of the Q(V) curve, as compared to those obtained with the a-
subunit alone or together with other b-subunits (2,3 & 4). To identify the mo-
lecular determinants that confer to the b1 the ability to modulate the voltage
sensor of BK channels, we constructed chimeras by exchanging the N- and
C-terminus, transmembrane segments, and the extracellular loop between
b1 and b2 subunits. Each of this construct alters the effects of the wild-
type b1 subunit on the BK channel. Our results show that only b1 affects
the workings of the BK voltage sensor and that the cytoplasmic N- and
C-terminal and the external loop are necessary to recover the b1 subunit phe-
notype. On the basis of these results, we propose a possible molecular model
where the whole b1 subunit is interacting with the voltage sensor of a-subunit
in BK. Supported by Fondecyt grants 1110430 to R.L, 1980635 to AN. CINV
is a Millennium Scientific Institute.
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We reported that in the mouse, cardiac mitoBKCa is likely encoded by Kcnma1
gene, and that a splice insert DEC could facilitate BKCa targeting to mitochon-
dria in CHO cells. Here, we examined whether cardiac mitochondrial
membranes contain BKCa protein by mass spectrometry, and whether BKCa-
containing DEC can be observed in cardiac mitochondria of adult cardiomyo-
cytes.We first isolated mitochondria from rat cardiomyocytes and corroborated
by immunoblot the presence of a ~125 kDa protein corresponding to Kcnma1
(n=3). To enrich for inner mitochondrial membranes, cardiac BKCa was immu-
noprecipitated from mitoplasts. Six unique BKCa peptides spanning the whole
C-terminus were found. The most upstream peptide, YGGSYSAVSGR, is near
S6 transmembrane region while the extreme C-terminal peptide, GGYSTPQT
LANR, is located after the Ca2þ bowl. Corroborating the presence of BKCa in
mitoplasts, patch clamp recordings showed a large-conductance 226 pS Kþ
channel. Next, weanalyzed DEC relative abundance by quantitative RT-PCR
using RNA from isolated mouse cardiomyocytes and found that DEC transcript
levels are similar to that of total BKCa (n=3). Transcripts of other splice inserts,
STREX and SV27, were less abundant (~75% and 0.1% of total BKCa, respec-
tively) suggesting a predominant expression of BKCa-DEC variant in cardio-
myocytes. Finally, rat adult cardiomyocytes were transduced using
N-terminal cMyc-tagged constructs of BKCa-DEC, and of insertless-BKCa
and BKCa-SV27 (controls). Insertless-BKCa and BKCa-SV27 were labeled at
the plasma membrane in non-permeabilized conditions. After permeabilization,
intracellular signals did not colocalize with mitotracker (n=3). In contrast,
BKCa-DEC signals were undetectable in non-permeabilized conditions but
readily detected after permeabilization when they can be found colocalized
with mitotracker to a similar extent as native BKCa (n=3). We conclude that
BKCa exists in cardiac mitochondria and that mitoBKCa predominantly consists
of a DEC-containing isoform which facilitates its targeting to cardiac mito-
chondria. Supported by NIH and AHA.
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Large conductance voltage and calcium-activated potassium (MaxiK) channels
are activated by membrane depolarization and elevated cytosolic calcium. In
neurons, MaxiK channels are involved in the regulation of transmitter release
and repolarization of the action potential. To uncover proteins involved in
the regulatory functions of MaxiK, we analyzed the brain interactome of its
a-subunit (MaxiKa) after specific co-immunoprecipitation. Adult mouse brains
from wild-type and MaxiKa knockout (negative control) were lysed and pro-
teins were immunoprecipitated with anti-MaxiKa antibodies or IgG (negative
control). Immunoprecipitated proteins were separated on polyacrylamide gels.
Gel plugs at all molecular sizes were excised, digested with trypsin, and
